Slow electron velocity-map imaging photoelectron spectra of the methoxide anion
The spectrum at 193 nm shows the presence of a minor species with less than 2% intensity relative to the ground state of AuC 2 − . High-resolution data of the minor species reveal several vibrational progressions in the Au-C stretching mode, which are assigned to be from the metastable 3 2,1,0 spin-orbit excited states of AuC 2 − to the 
I. INTRODUCTION
Due to the strong relativistic effects, 1 gold displays many unique chemical properties, such as aurophilicity and propensity to form covalent bonds. [2] [3] [4] The covalent bonding character in gold-containing molecules has been increasingly recognized in the chemistry of gold. The Au-C bonding has, in particular, been very important in homogeneous catalysis involving gold, which has been a subject of growing interest over the last decade. [5] [6] [7] [8] [9] Recently, in order to understand the nature of the bonding between Au and substrates involving C≡C triple bonds, we have investigated, using photoelectron spectroscopy (PES) and theoretical calculations, 10 a series of Au(I)-alkynyl complexes, LAuCCH − (L = Cl, I, CCH), produced using an electrospray ionization source. We observed an unusually large Au-C stretching frequencies in these complexes, leading to the surprising finding that the Au-C bond in these complexes is extremely strong with a dissociation energy of 5.01 eV in ClAuCCH − . Even more surprisingly, we found that the Au-C single bond in ClAuCCH − is even stronger than the Au=C double bond in ClAu=CH 2 and the Au≡C triple bond in ClAu≡C, revealing an inverse correlaa) E-mail: Lai-Sheng_Wang@brown.edu tion between bond strength and bond orders in the series of Au-C compounds. The auxiliary ligand L is found to polarize the Au I center in ClAuCCH − , resulting in the unusually strong Au-C bond. To understand the polarization effects, it would be desirable to study the bonding in Au-CCH or the isoelectronic Au-CC − species, which can serve as a reference to compare with the Au-C bonding in the LAuCCH − complexes. In the current paper, we present a study on the electronic structure and chemical bonding in Au-CC − and Au-CC using high-resolution PES and PE imaging.
There has been scarce experimental information about gold-carbon clusters. Apart from mass spectrometric observations of the Au n C m + and Au n C m − species, 11, 12 there is no experimental structural or spectroscopic information on any Au-C clusters, except a very recent PES and computational study on AuC 2 − . 13 In this work, Visser et al. 13 reported interesting PE imaging on AuC 2 − in the photon energy range from 610 nm to 585 nm, showing a single vibrational progression starting at an electron binding energy of 1.442 eV with a vibrational frequency of 528 cm −1 due to the Au-C stretching in neutral AuC 2 . Surprisingly, the observed spectral features were assigned to derive from a highly excited state of AuC 2 − , whereas the electron binding energies of the ground state of AuC 2 − were suggested to be too high to be accessible with their available photon energies. 1 configuration was also calculated to be close in energy at 1.18 eV above the anionic ground state. At first glance, it seems extremely improbable that such a highly excited anion was observed.
Over the past decade, PE imaging has been developed into a highly sophisticated new PES technique for negative ions. 14, 15 It not only yields photoelectron angular distributions, but also allows very high resolution spectra to be obtained. We have recently developed a high-resolution PE imaging capability. [16] [17] [18] In the current study, we apply this technique to AuC 2 − at a much more extended photon energy range. PES spectra from the linear ground state of AuC is observed to be linear with little geometry change relative to the anion ground state. The excited state derived from electron detachment from the 17σ orbital is also found to be bent with an ADE of 3.5725 eV.
The excited electronic state of the AuC 2 − anion was observed in our 193 nm spectrum with a population of less than 2% relative to the linear ground state, as a "spinprotected" metastable excited state. We have also obtained high-resolution PE imaging data from this very weakly populated excited anion. More interestingly, our high-resolution capability leads to a different spectral assignment from that proposed by Visser et al. 13 The observed detachment transitions are assigned to be from the 
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental methods
The experiments were done using two different PES instruments, which employ similar laser vaporization supersonic cluster sources and time-of-flight mass spectrometry for cluster generation and size selection, but different photoelectron detections, one with a magnetic-bottle apparatus 19 for the high photon energy experiment at 193 nm and the other one involving a recently built velocity-map imaging (VMI) system. [16] [17] [18] For both experiments, a disk made of C and Au (C/Au atom ratio ∼1/9) was used as the laser vaporization target with a helium carrier gas seeded with 10% argon, which was shown to produce relatively cold gold cluster anions previously. 20 Clusters formed inside the nozzle were entrained by the carrier gas and underwent a supersonic expansion. After a skimmer, anions from the collimated cluster beam were extracted perpendicularly into a time-of-flight mass spectrometer. The AuC 2 − anion of current interest was mass-selected and decelerated before being detached by a 193 nm laser beam in the interaction zone of the magneticbottle electron analyzer, which were described in detail before. 19 The pulsed laser beam at 193 nm (6.424 eV) was from an ArF excimer laser. Photoelectrons were collected at nearly 100% efficiency by the magnetic bottle and analyzed in a 3.5 m long electron flight tube. The spectrum was calibrated with the known spectrum of Bi − . The kinetic energy resolution of the apparatus, Ek/Ek, was better than 2.5%, i.e., 25 meV for 1 eV electrons.
For the high-resolution PES experiment, the AuC 2 − anion was mass-selected and focused into a collinear VMI system for photodetachment by a tunable laser. [16] [17] [18] Photoelectrons were accelerated toward a position-sensitive detector with a 75 mm diameter micro-channel plate coupled to a phosphor screen and a charge-coupled device (CCD) camera. A National Instrument PXI-mainframe system was used to control the whole apparatus and for data acquisition. The tunable radiation (222-709 nm, linewidth <0.3 cm −1 ) was from a Continuum Sunlite OPO system pumped by an injection-seeded Continuum Powerlite laser. Typical pulse energies used were ∼150 μJ. A half-wave plate combined with a high-quality Glan-Laser polarizer was used to achieve a high degree of polarization parallel to the imaging detector plane. The electron count rates for the current experiment at certain wavelengths were very low and photoelectron images were averaged with 300 000-700 000 laser shots. Inverse-Abel transformation was done to obtain the three-dimensional (3D) electron distributions from the recorded two-dimensional (2D) images. This reconstruction was done by both the BASEX 21 and pBASEX 22 programs, which yielded similar results. The imaging system was calibrated using the known spectrum of Au − .
B. Theoretical methods
Theoretical calculations were performed on AuC 2 − with the Gaussian 09 program package 23 using the B3LYP DFT method. 24, 25 The all-electron 6-31++G(d,p) basis sets were used for the carbon atoms, and the Lanl2dz basis set and associated effective core potential (ECP) were used for gold during the optimization calculations. Vibrational frequencies were calculated to confirm that the obtained structures were true minima (or to find imaginary frequencies if the structures were saddle points). Zero-point energy (ZPE) corrections were included for all the calculated energies.
Vertical detachment energies (VDEs) were calculated for the ground state and two excited states of AuC 2 − to compare with the experimental data. The first VDE was calculated as the energy difference between the anion and neutral states at the corresponding anion equilibrium geometry. Excitation energies of the neutral species were calculated at the anion geometry using the TD-DFT method and added to the first VDE to approximate the VDEs for the inner occupied orbitals of the anion. 26 The simulated spectra in Fig. 1 were obtained by fitting each of the computed VDEs with a Gaussian function of 0.04 eV width.
C. Angular distribution and the anisotropy parameter (β)
One of the most important advantages of PE imaging is that it gives the angular distributions of the photoelectrons, in addition to its high-resolution capability. For one-photon detachment, an anisotropy parameter (β) is calculated from the reconstructed PE images by analyses of the photoelectron differential cross-sections given by
and thus the photoelectron angular distribution (PAD) is given by
where P 2 (cos θ ) = 1 2
(3cos 2 θ -1) is the second order Legendre polynomial and θ measures the angle between the direction of the detachment laser polarization and that of the ejected electron. The anisotropy parameter represents the degree of alignment between the direction of the photodetached electrons and the polarization of the detachment laser, i.e., it provides information about the orbital angular momentum l of the ejected photoelectrons. It is numerically confined in the region -1 ≤ β ≤ 2. Typically, a single-electron model describes reasonably well the experimental observations. For example, for detachment from a pure atomic s-orbital, β = 2 corresponding to an anisotropic PAD with the maximum of intensity parallel with the photodetachment laser polarization. If the photoemission state is different from a pure s-orbital (s+d orbital, for instance), then partial wave interference can result in β = -1, corresponding to an anisotropic PAD with the maximum of intensity perpendicular to the detachment laser polarization. Detachment from atomic p-orbitals generates partial electron waves with d and s angular momenta, and usually for high kinetic energy electrons (above 1 eV), β will converge to 0 (isotropic) for pure s-wave or 1 for pure d-wave. Table I , where the more accurate data for bands X, A, and B are from the high-resolution imaging data to be presented below.
III. RESULTS
A. Photoelectron spectrum at 193 nm
Two very weak bands are also observed in the lower binding energy region, as seen more clearly in the inset of Fig. 1(a) : feature X at ∼1.5 eV and feature A at ∼2.1 eV. The relative intensities of these features are no more than ∼2% of the main spectral bands. The X band is consistent with the PE imaging data reported recently by Visser et al. 13 and hence should be due to the putative electronically excited AuC 2 − anion. Figs. 1(b) and 1(c) show the simulated spectra for detachment from the AuC 2 − ground state and its electronically excited states, respectively, confirming the presence of the excited anion. These results will be discussed in Sec. IV A. a The calculation was done at DFT level using B3LYP with basis set 6-31++g(d,p) for C and Lanl2dz for Au. The calculations were done without spin-orbit coupling.
B. High resolution photoelectron imaging of bands X, A, and B
The PE image and spectrum at 3.6906 eV photon energy are shown in Fig. 2 
cm
−1 , which should be due to the bending mode. The peaks from a to f resemble a typical Franck-Condon envelope in the bending coordinate, suggesting that the neutral ground state is likely bent in agreement with the recent calculation by Visser et al. 13 The band A in the 193 nm spectrum is resolved into a single sharp and intense peak at 3.4483 eV. The band B is resolved into four vibrational fine features between 3.57 and 3.67 eV, labeled as i, j, k, and l in Fig. 2(a) . The i, j, k peaks appear to be due to a bending progression with an extremely large anharmonicity, because the spacing between i and j is 180 cm −1 and that between j and k is 150 cm −1 . The pattern of band B is similar to that of band X, both displaying a progression in the bending mode (features a-f in band X and features i-k in band B) and then a separated peak (feature g in band X and feature l in band B). The peaks i, j, k seem to contain fine features in the 3.6906 eV spectrum ( Fig. 2(a) ). When taken at a slightly lower photon energy of 3.6297 eV, these three peaks are each resolved into a doublet (inset of Fig. 2(a) ), which are labeled as i 1 /i 2 , j 1 /j 2 , and k 1 /k 2 .
When the detachment laser is set to 3.4953 eV, which is closer to band A ( Fig. 2(b) ), the spectral resolution is improved for both bands X and A. Still, only a single peak is observed for band A with a peak width of about 40 cm −1 , which is higher than the spectral resolution, but there is no hint of any fine features. Hence, band A must represent a detachment transition to an excited state of AuC 2 with nearly identical structure as the AuC 2 − ground state. On the other hand, the peak g of band X is resolved into four fine features separated by about 60 cm −1 (labeled as g 1 , a 3 , g 2 , and h 1 ). Additionally, peaks d, e, and f are also each resolved unexpectedly into two features (d 1 /d 2 , e 1 /e 2 , f 1 /f 2 , respectively). Fig. 2 (c) at 3.4001 eV photon energy confirms the observation of the fine features with even better resolution, although the g 1 fine feature appears to be very weak. We should also point out that in each of the three spectra shown in Fig. 2 there is also a very weak feature near 3.2 eV due to a vibrational hot band (labeled as hb in Fig. 2(c) ). The almost negligibility of this feature suggests that our cluster beam is quite cold vibrationally.
To further improve the resolution for the spectral features of band X, we have taken a series of PE images by setting the detachment energy close to each of the vibrational peaks, as shown in Fig. 3 . Interestingly, every vibrational peak in band X is now resolved into a doublet, labeled as a 1 /a 2 , b 1 /b 2 , c 1 /c 2 , d 1 /d 2 , and e 1 /e 2 . It is observed that the spacing between each of the doublet is not constant and it seems to increase for the higher binding energy peaks. However, the separation between successive peaks of the lower component of each doublet (i.e., a 1 , b 1 , c 1 , d 1 . . . ) seems to be constant with a spacing of 195 ± 6 cm −1 . The separation between the peaks of the higher energy component of each doublet (i.e., a 2 , b 2 , c 2 , d 2 . . . ) is also constant with a slightly larger spacing of 207 ± 6 cm −1 . Additionally, starting from peak c in Fig. 3 (c), a new peak is observed as a shoulder very near the threshold (labeled as x 1 , x 2 , and x 3 in Figs. 3(c)-3(e), respectively). However, these features are very weak and close to the center of the image and thus we cannot be sure whether they are real spectral features or artifacts from the image inversion. The hot band is also resolved more clearly in Fig. 3 and it is separated from the peak a by about 195 cm −1 , which should be the bending frequency of the AuC 2 − ground state. It should be noted that the hot band has been confirmed by varying the expansion conditions of our cluster source.
Thus, the doublet features of the X band must represent two nearly degenerate electronic states of neutral AuC 2 , which are both bent. The a 1 , b 1 , c 1 , d 1 . . . components should correspond to the bending vibrations of the ground electronic state of AuC 2 . Hence, the a 1 peak represents the ADE from the ground state of the anion to that of the neutral and defines accurately the EA of AuC 2 as 3.2192(7) eV. The a 2 , b 2 , c 2 , d 2 . . . peaks represent the first excited state of AuC 2 , which is only 0.0021 eV (the separation between the a 1 and a 2 components of peak a in Fig. 3 ) above the ground state with a slightly higher bending frequency. That these two sets of peaks correspond to two different electronic states is confirmed by their very different threshold behaviors in Fig. 3 . The intensities of the vibrational features of the ground state (a 1 -e 1 ) are drastically decreased near threshold, whereas those of the closelylying higher state (a 2 -e 2 ) are enhanced near threshold. However, away from the threshold, the relative intensities of the ground state vibrational peaks are higher.
The different electronic nature of these two states is also reflected in their very different angular distributions. The different angular distributions of the two components can be seen from the PE images already, in particular, for the well resolved c 1 /c 2 peaks in Fig. 3 (Figs. 2 and 3) . The signs for the anisotropy parameter (β) are indicated (see also Figure 4 ).
Binding energies a
Observed the two different electronic states. Clearly, the β parameter for features a 1 -h 1 follows the same pattern: they show almost isotropic distributions at lower kinetic energies and the β parameter increases with the kinetic energy, resulting in parallel PAD at higher kinetic energies. On the other hand, the β parameter for features a 2 -g 2 is negative in the same kinetic energy range.
The binding energies for all the observed peaks in Figs. 2 and 3 are summarized in Table II . Accurate ADEs and VDEs from the high-resolution imaging data for all the resolved electronic states associated with bands X, A, and B are given in Table I. C. High-resolution imaging of band X from the electronically excited AuC 2 − Fig. 5 shows the high-resolution PE images and spectra for the weak X band in Fig. 1(a) . The electron count rates for these spectra were extremely low (between 0.1 and 0.5 count per laser shot). Nevertheless we were able to obtain good quality images with longer data accumulation times. The spectrum at 2.2139 eV photon energy (Fig. 5(f) ) agrees well with that reported in Ref. 13 , except that the spectral resolution and signal-to-noise ratios are significantly improved in the current data. Furthermore, the hot band in the current data is almost negligible, suggesting that our cluster beam was vibrationally cold. A main vibrational progression consisting of six well-resolved peaks (labeled as a -f ) is observed with an average spacing of about 525 cm −1 , in agreement with the 528 cm −1 spacing reported in Ref. 13 . Additionally, two very weak features are also discernible at 2.1371 eV (labeled as g ) and 2.1908 eV (labeled as h ), which correspond to the band A in Fig. 1(a) . These features are due to additional detachment channels from the meta-stable excited state of AuC 2 − . However, because of their weak relative intensities, these features will not be discussed further.
Interestingly, under high-resolution when the detachment laser is tuned close to each of the vibrational peaks in band X , fine features are further resolved. In particular, three fine features are resolved for the peaks b , c , and d . For peak a , a strong sharp peak is observed at 1.4747 eV with a weak peak resolved on the higher binding energy side (hb 2 ) at the detachment energy of 1.4907 eV (Fig. 5(a) ). A very weak hot band (hb 1 ) is observed, which is separated from peak a 1 by 365 cm −1 . The weak peak labeled as hb 2 is separated from (Fig. 5) . The signs for the anisotropy parameter (β) are indicated (see also Fig. 6 ). peak b 2 by exactly the same amount (366 cm −1 ), suggesting that it should correspond to a hot band for b 2 . These observations imply that both a 1 and b 2 represent origins of separate detachment transitions. The detailed assignments of these spectra will be done in Sec. IV C, where we will show that our assignments are different from that made in Ref. 13 . The binding energies of all the resolved peaks in Fig. 5 are collected in Table III . Fig. 6 shows the dependence of the β parameter with the photoelectron kinetic energy for all the resolved peaks in Fig. 5 . All the β values seem to follow the same trend, suggesting they have the same electronic origin. While the PADs lie parallel to the laser polarization at higher kinetic energies, they show almost isotropic distributions at lower kinetic energies.
D. Theoretical results
Extensive calculations were done by Visser et al. on AuC 2
− and AuC 2 , accompanying their PE imaging work previously. 13 We carried out further DFT calculations to facilitate the interpretation of our new PES data. We have optimized different types of structures for AuC 2 and AuC 2 − and found only the linear or bent Au-C-C arrangements to be relevant, in agreement with the results reported in Ref. 13 . Fig. 7 displays the main results of our calculations. We also find that the global minimum of AuC 2 − is linear (C ∞v , 1 + ), while the neutral ground state is bent (C s , 2 A ) derived from removal of an electron from the 18σ HOMO of AuC 2 − (corresponding to a 2 + state in the linear geometry). The first excited state of neutral AuC 2 is linear ( 2 i ), derived from removal of a 9π electron. The energetics of the two neutral states with respect to the anion global minimum are calculated to be 3.14 and 3.53 eV, respectively. Additionally, two triplet excited states are also found for the AuC 2 − anion: a bent state (C s , 3 A ) derived from exciting a 18σ electron to the 19σ LUMO (corresponding to a 3 + state in the linear geometry) and a linear state ( 3 i ) derived from exciting a 9π electron to the 19σ LUMO. These two states are calculated to be 1.96 and 1.97 eV above the anion ground state, respectively.
The relative energies, geometrical parameters, and vibrational frequencies of the computed states for AuC 2 − and AuC 2 are collected in Table IV, and basis set 6-31++g(d,p) for C and Lanl2dz for Au. a
Relative 
−
The simulated spectrum from the 1 + ground state of AuC 2 − (Fig. 1(b) ) agrees qualitatively with the main experimental features. The valence MOs for the 1 + ground state of AuC 2 − are shown in Fig. 7 . The 18σ HOMO is an Au-C antibonding orbital between the Au 6s and the C 2 σ orbital, corresponding to the X band in the 193 nm spectrum ( Fig. 1(a) ). The antibonding nature of the 18σ orbital is reflected from the shortened Au-C bond distance and the increased Au-C stretching frequency in the neutral ground state relative to the anion ground state (Table IV) . The 9π orbital is mainly the C 2 π bonding orbital with weak anti-bonding interactions with the Au 5dπ orbital. Detachment from this MO gives rise to band A in the 193 nm spectrum. The 17σ orbital is a strong Au-C bonding orbital, corresponding to band B in the 193 nm spectrum. The calculated VDEs from these three orbitals without spin-orbit effects are very close to each other, in agreement with the congested nature of bands X, A, and B ( Fig. 1(a) ). Following a large energy gap, band C is from detachment from the nonbonding 4δ orbital. Band C is very sharp, suggesting little structural change upon electron detachment, consistent with the nonbonding nature of the 4δ orbital. Finally, the D band is from detachment of the 8π orbital, which is a strong Au-C π bonding orbital, in agreement with the apparent broad width of this band. Fig. 1(c) displays the simulated spectra from the two excited states of AuC 2 − . Both states give rise to low binding energy features, consistent with the weak X and A signals observed in the 193 nm. Weak photoelectron signals also seem to exist between 4 and 5 eV (Fig. 1(a) ), which should come from higher binding energy detachment channels from the excited states of AuC 2 − . Visser et al. assigned their PE images to detachment from the 3 A ( 3 + ) excited state of AuC 2 − , corresponding to the X band. 13 As will be shown below, our high-resolution data reveal unequivocally that the weak signals come from the 3 excited of AuC 2 − . On the basis of the relative intensities, we estimate that the 3 state was populated with no more than ∼2% relative to the ground state of AuC 2 − . However, it is surprising that such a highly excited state was populated at all in our experiment, because our cluster beam was fairly cold, as can be seen by the negligible vibrational hot bands. Franck-Condon simulations to be discussed later suggest a vibrational temperature of ∼125 K. Hence, the population of the triplet excited state of AuC 2 − was non-Boltzmann and it should be a result of the metastability of the triplet excited state, which is spin-forbidden to relaxing down to the singlet ground state of AuC 2 − in the cluster source. We have observed previously such "spin-protected" metastable excited states in a number of molecular and cluster anions produced from our laser vaporization source. [28] [29] [30] [31] Laser vaporization is a highly nonthermal process. Apparently, metastable anions can be produced, which survive the collisions in the cluster source and the subsequent supersonic expansion. However, such higher energy species, if present at all, are usually populated in very small quantities and are usually negligible in PES. The fact that we can sometime detect them at all is testimony to the high sensitivity of the magneticbottle PES technique and the PE imaging method. Even though the X band is assigned to the electron detachment from the 18σ HOMO on the bases of the low resolution 193 nm spectrum and the theoretical VDE (Fig. 1) , highresolution data presented in Figs. 2 and 3 show that this band in fact consists of two closely-lying electronic states with different bending frequencies. The ground state consists of an extensive bending progression with a frequency of 195 cm −1 , compared with the calculated bending frequency of 204 cm −1 (Table IV) . The calculation gives an equilibrium bond angle of 155
• for the ground state (C s , 2 A ), which is from detachment of a 18σ electron. The nature of this detachment transition is confirmed from both the threshold behavior of the vibrational features and their angular distributions. Fig. 3 shows that the vibrational peaks (a 1 -e 1 ) of the ground state exhibit a drastic reduction in intensity near threshold. This is a consequence of the Wigner's threshold law, 32 which biases against outgoing electrons with angular momentum l > 0 near threshold, i.e., for low energy electrons. To illustrate the dramatic change in intensity of the ground state vibrational peaks near threshold, we took photoelectron images by varying the detachment photon energies (or kinetic energies of the outgoing electrons) at small steps between 3.3001 and 3.3201 eV, as shown in Fig. 8 . At 3.3001 eV (Fig. 8(a) ), the d 1 peak near threshold is negligible, whereas the c 1 peak, which is away from threshold, has similar intensity as the c 2 peak from the first excited state. As the photon energy increases, the intensity of both the c 1 and d 1 peak increase. A dashed line is drawn in Fig. 8 to guide the eyes for the d 1 peak. Fig. 8(d) shows that near threshold the e 1 vibrational peak for the ground electronic state of AuC 2 also has negligible intensity. These observations suggest that the outgoing electrons have angular momentum > 0, consistent with detachment from the 18σ HOMO, which would yield electrons with l = 1 as p-waves. The β parameters for the ground state vibrational levels and their dependence on kinetic energies, shown in Fig. 4 , are consistent with primarily p-wave characters for the outgoing electrons.
The closely-lying first excited state of AuC 2 consists of a similarly extensive bending progression (a 2 -e 2 in Fig. 3) as the ground state, but its bending frequency of 207 cm −1 is slightly higher. Both the threshold behavior (Figs. 3 and  8 ) and the β parameters for the excited state vibrational features are opposite to those of the ground state and are consistent with detachment from the 9π orbital, which would produce outgoing electrons with l = 0 (s-wave) or 2 (d-wave). The β parameter for the single peak corresponding to band A (Fig. 2) is similar to that of the first excited state. Thus, they should have the same origin and are assigned to the two spinorbit components of the 2 excited state owing to electron detachment from the 9π orbital of AuC 2
− . The A band should correspond to the 2 1/2 state, corresponding to a linear structure with little change relative to the anion ground state. However, the 2 3/2 component is shown to be bent, similar to the ground state. The observation that the two spin-orbit states have very different structures and spectroscopic properties is unusual, which is a result of strong 2 + -2 and spin-orbit vibronic coupling to be discussed next. Fig. 9 shows schematically the double-well bending potentials of the ground and first excited state of AuC 2 and the harmonic potential of the 2 1/2 excited state. The vibrational levels for the two doublewell potentials are also drawn schematically, according to the resolved vibrational features in Figs. 2 and 3 . The vibrational levels above the barrier of the double-well potentials are expected to become more closely-spaced, consistent with the complicated fine features resolved for peak g in Fig. 2 . This part of the spectra should be above the bending barrier. These complicated spectral features are also a direct consequence of the strong 2 + -2 and spin-orbit vibronic coupling. 
Strong 2 + -2 and spin-orbit vibronic coupling
The degenerate 2 excited state of AuC 2 is unstable against bending vibrations due to the Renner-Teller effect. 33, 34 However, why is the ground state of AuC 2 bent, which corresponds to a nondegenerate 2 + state in the linear geometry? It turns out that interactions between different electronic states, leading to the breakdown of the Born-Oppenheimer approximation, have been found to be important in many linear molecules. [34] [35] [36] [37] [38] The theory of vibronic coupling in linear molecules has been well developed. [33] [34] [35] [38] [39] [40] In particular, vibronic coupling between and states has been found in many triatomic molecules. Domcke and co-workers have specifically developed the theoretical frameworks for strong 2 -2 and spin-orbit vibronic couplings, 41 showing that both the 43, 44 In addition, the spin-orbit effect is negligible in the 2 state of C 2 H. Hence, the AuC 2 molecule provides an ideal system to investigate the -and spin-orbit vibronic coupling and our highresolution PES data warrant further theoretical studies. The high-resolution photodetachment data can be used to compare with calculated vibronic structures and allow the coupling constant to be obtained. As will be shown below in Sec. IV C, the spin-orbit coupling constant in the 2 state at the linear geometry in AuC 2 ( Fig. 10) , which would be important in the vibronic coupling calculations, is accurately measured in the high-resolution photodetachment data for the weakly populated excited state of AuC 2 − . 
Band B: Another bent state corresponding to a 2 + linear state?
Band B is due to detachment from the 17σ orbital (Fig. 2) , which is a strong Au-C bonding orbital involving Au 6s and the C 2 σ * orbitals (Fig. 7) . This detachment channel should lead to a 2 + excited state of AuC 2 . Hence, a vibrational progression in the Au-C stretching mode would be expected. However, the observed vibronic structures (i-l in Fig. 2(a) ) do not correspond to a stretching progression. The i, j k peaks seem to correspond to a short and highly anharmonic bending progression, suggesting that the 2 + excited state may also be bent with a shallow double-well potential curve. The peak l, which does not represent a regular spacing to the bending progression, may be due to a vibrational level above the bending barrier, similar to the peak g in the X band ( Fig. 2(a) ). The splitting of the i, j, k, peaks into doublet (inset in Fig. 2(a) ) is even more puzzling. This splitting could be caused by an asymmetric double-well potential, as schematically shown in Fig. 12 . Since the 2 + excited state is relatively close in energy to the 2 1/2 state, it raises the specter of a strong 2 + -2 -2 + and spin-orbit vibronic coupling, which can conceivably cause the upper 2 + state to bend. To our knowledge, there has been no theoretical consideration of such a complicated four-state vibronic and spin-orbit coupling.
C. High-resolution PE imaging of the metastable triplet excited state of AuC 2 −
The X band
The low-resolution PE image of band X at 2.2139 eV photon energy (Fig. 5(f) ) shows a progression with a spacing of ∼525 cm −1 , consistent with the calculated Au-C stretching mode of both the 2 + and 2 final states of AuC 2 (Table IV) . This spectrum agrees well with that by Visser et al., 13 who assigned the transition to be from the metastable 3 A ( 3 + ) excited state of AuC 2 − to the 2 A ground state of AuC 2 (Fig. 7) . They ruled out the above a 1 and this peak forms another series with c 2 , d 2 , and e 2 with a vibrational spacing of 524 ± 5 cm −1 . The weak peak labeled as hb 2 resolved in Fig. 5(a) represents the hot band for this series, giving rise to an Au-C stretching frequency of 366 cm −1 for the metastable triple state of AuC 2 − , the same as that obtained from the hb 1 peak relative to the a 1 series. Thus, the a 1 and b 2 peaks represent unequivocally distinct electronic transitions from the metastable triplet state of AuC 2 − . In addition, we observe a relatively weak third series, consisting of c 3 , d 3 , and e 3 with a vibrational spacing of 532 ± 10 cm −1 . The origin peak c 3 is measured to be 879 cm −1 above feature a 1 and thus 430 cm −1 above peak b 2 .
These three vibrational progressions all have similar Au-C stretching frequencies without any evidence of bending vibrations. In addition, the separation between the origins of these progressions are on the order of the spin-orbit couplings estimated for the 3 excited state of AuC 2 − . 13 Thus, they should be due to transitions from the spin-orbit states of the linear Fig. 10 . Interestingly, we are also able to determine the spin-orbit splitting constant of the 2 excited state of the neutral AuC 2 at the linear geometry as 879 cm −1 . According to this assignment, there should also be an allowed transition, 2 1/2 ← 3 0 . Indeed, a weak peak b is resolved in Fig. 5(b) , which has the correct energy for this transition (Table III) . The weak intensity of the b peak is expected because the (Fig. 7) , which is primarily the Au 6s orbital with some weak anti-bonding contribution from the C 2 σ orbital. The outgoing electrons should be primarily of p-wave character. The β parameters of the different vibrational peaks for the X band and their kinetic energy depen- − with the photoelectron spectrum at 1.6850 eV (Fig. 5(d) dence follow the same trend, suggesting these peaks have the same electronic origin. The β parameters are all positive and increase with kinetic energies, consistent with their p-wave characters.
Vibrational temperature
Because of the strong vibronic coupling in the detachment transitions to the 2 A ( 2 + ) ground state and the 2 A ( 2 3/2 ) excited state, the observed bending vibrational progressions cannot be fitted with Franck-Condon (FC) factors to obtain spectroscopic constants and vibrational temperatures. 32 On the other hand, the transitions from the 3 i metastable states to the 2 i neutral states only involve linear structures and the Au-C stretching mode. Since the stretching coordinate does not involve in vibronic couplings, we carried out FC simulations for the PE spectra of the metastable state to estimate the vibrational temperature of the anion. The simulation was done using the Pescal program, 45 which computes FC factors by numerical integration of vibrational wavefunctions of a Morse oscillator. Fig. 11 shows the comparison of the experimental spectrum taken at 1.6850 eV (Fig. 5(d) ) with the simulated FC factors, which were assumed to be the same for the three transitions involving different spin-orbit states. The spectroscopic values employed are ω e = 365 cm −1 and r = 2.05 Å for the 3 excited state of the anion, and r = 1.92 Å with ω e = 526 and 532 cm −1 for the frequencies of the 2 3/2 and 2 1/2 neutral states, respectively. We obtained a vibrational temperature of 125 ± 25 K by fitting the calculated FC to the hot band off the a 1 peak. The fitting is not perfect, in particular, for the c 1 and d 1 peaks, most likely due to the reduced detachment cross sections for low energy electrons as a result of the Wigner threshold law. energies for all the observed detachment transitions are given in Tables II and III. The energy level diagram in Fig. 12 summarizes schematically all the energetic and spectroscopic information obtained. The double-well potential for the 2 + excited state of AuC 2 is drawn asymmetrically to account for the observed splittings in the high-resolution PE spectrum (inset in Fig. 2 ).
D. Comparison of the chemical bonding in Au-CC
−
with ClAu-CCH − Recently, we studied the gold-carbon bonds in different gold-alkynyl complexes. 10 The Au-C bond strength in ClAu-CCH − was shown to be extremely high (5.01 eV for ClAu-CCH − to dissociate to ClAu + CCH − calculated at the CCSD(T) level), even higher than that in ClAuCN − . More surprisingly, it was found that the single Au-C bond in ClAu-CCH − was stronger than the Au=C and Au≡C multiple bonds, revealing an inverse correlation between bond strength and bonder order. The strong Au-C bond in ClAu-CCH − was shown to be due to the polarization effect of the electronegative Cl: the Au-C bond in FAu-CCH − was shown to be even stronger, while that in IAu-CCH − was weaker. 10 The calculated Au-C distance of 1.95 Å in AuC 2 − (Table IV) 2 + ), respectively, calculated at the same level of theory (B3LYP/ECP). These results show again the importance of the auxiliary ligand (L) in influencing the Au-C bond in LAu-CCH − . The bonding in AuCCH or AuCCH − would provide even better references to assess the influence of L on the Au-C bonding in LAu-CCH − . Transition metal atoms tend to bond with C 2 in sideon fasion [46] [47] [48] because of the strong interactions between the metal d orbitals and the C 2 π orbitals, whereas there is a competition between side-on and terminal bonding for Al with C 2 . 49, 50 The terminal bonding of Au with C 2 is more analogous to H. In previous studies, we have found an analogy between Au and H in their bonding to Si or B. [51] [52] [53] [54] [55] [56] Thus, the AuC 2 − molecule can be viewed to be analogous to HC 2
and it provides an example of the Au/H analogy in the Au-C bonding.
V. CONCLUSIONS
We report high-resolution photoelectron spectroscopy and imaging of AuC 2 − at a wide photon energy range. The 193 nm spectrum revealed five major detachment bands, as well as very weak low binding energy features due to a metastable excited state of AuC 2 − . The ground state of AuC 2 − is linear ( 1 + ), but the neutral ground state, corresponding to a 2 + state at the linear geometry, is shown to be bent, as a result of strong vibronic interactions with the nearby 2 excited state with strong spin-orbit coupling. The electron affinity of AuC 2 is measured to be 3.2192(7) eV and the ground state bending frequency is measured to be 195(6) cm −1 . The first excited state of AuC 2 corresponding to the 2 3/2 spin-orbit state is also bent due to the strong vibronic coupling. It is above the AuC 2 ground state by only 0.0021 eV and has a bending frequency of 207 (6) vibronic and spin-orbit coupling in linear molecules. The current high-resolution photoelectron data are ideal to compare with theoretical calculations including vibronic and spin-orbit couplings.
